INTRODUCTION
============

The c-Myc oncoprotein (herein referred to as Myc) is a transcription factor that regulates a wealth of genes involved in a wide-variety of biological activities including apoptosis, differentiation as well as proliferation ([@gks263-B1],[@gks263-B2]). As a critical regulator of both normal and tumor cells, Myc is highly controlled at many levels and is at the center of an extensive interactome ([@gks263-B3; @gks263-B4; @gks263-B5]). The Max protein heterodimerizes with the C-terminus of Myc to form a DNA-binding basic helix--loop--helix leucine-zipper (bHLHLZ) entity ([Figure 1](#gks263-F1){ref-type="fig"}) ([@gks263-B6]). In a complex interplay with interactors governing the timing and efficiency of gene activation, Myc is able to regulate the expression of specific genes as well as entire gene networks ([@gks263-B7; @gks263-B8; @gks263-B9]).

The N-terminal transactivation domain of Myc (Myc TAD, comprising residues 1--143; [Figure 1](#gks263-F1){ref-type="fig"}) is essential for Myc-mediated transformation, differentiation and apoptosis ([@gks263-B10; @gks263-B11; @gks263-B12; @gks263-B13]). This region serves as an interaction platform for proteins involved in chromatin and histone modification as well as ubiquitination and subsequent degradation ([@gks263-B14]), and has also been shown to independently control protein expression through mRNA translation as well as direct regulation of DNA replication ([@gks263-B9],[@gks263-B15]). Two well-conserved and functionally critical regions among the Myc family proteins, termed Myc homology boxes, were identified primarily by the level of sequence conservation between Myc, N-Myc and L-Myc ([@gks263-B1],[@gks263-B9]). Interactions with Myc homology box I (MBI, residues 47--63) govern the cellular stability of the protein thereby setting a time window for its activity, whereas Myc homology box II (MBII, residues 128--143) coordinates interactions with the transcriptional regulatory machinery ([@gks263-B9],[@gks263-B11],[@gks263-B16]) ([Figure 1](#gks263-F1){ref-type="fig"}). Figure 1.Domain structure of c-Myc, indicating conserved Myc homology boxes MBI, MBII, MBIIIa, MBIIIb and MBIV ([@gks263-B1]). The basic region (BR) N-terminal to the HLHLZ binds DNA in a heterodimeric complex with Max ([@gks263-B5]). The Myc fragments 1--88 studied in this work is indicated together with an expansion of MBI and phosphorylation sites T58 and S62 located therein.

In non-transformed cells, Myc has a short protein half-life of 20--30 min, which is largely controlled through phosphorylation of T58 and S62 within MBІ. While phosphorylation at S62 by ERK or CDK kinases is critical for Myc transforming ability and transiently increases Myc cellular stability, subsequent phosphorylation of T58 by GSK3β triggers dephosphorylation of S62 by protein phosphatase 2 A (PP2A) and subsequent ubiquitin-mediated degradation through SCF-Fbwx7 ([@gks263-B17; @gks263-B18; @gks263-B19; @gks263-B20]). In aggressive lymphomas, mutations at or near T58, which disturb its phosphorylation, lead to accumulation and retention of Myc in its activated, S62-phosphorylated state ([@gks263-B21],[@gks263-B22]), highlighting the importance of this region in regulating Myc activity. Additionally, regulators of MBІ have themselves been shown to be oncogenes and tumor suppressors, further emphasizing the importance of understanding the regulation and function of the MBІ regulatory hub ([@gks263-B23]).

Despite the wide range of reported Myc interactors, there is very limited per-residue information on where and how Myc-interacting proteins bind to the Myc TAD. The only structure available is that of the C-terminal SH3 domain of Bin1 (Bin1--SH3) in complex with a small c-Myc peptide within MBI comprising residues 55--68 (Myc-55--68). ([@gks263-B24]). Bin1 has been shown to act as a tumor suppressor by binding Myc, thereby controlling cell cycle transit, proliferation and apoptosis ([@gks263-B25; @gks263-B26; @gks263-B27; @gks263-B28; @gks263-B29]). The structural analysis showed a canonical interaction between the SH3 domain and the proline-rich region of Myc centered on two Xxx-Pro di-peptides P59--P60 and S62--P63 ([@gks263-B24]). While the affinity of unphosphorylated Myc-55--68 for Bin1--SH3 was significant (*K*~D~ ∼ 4.2 µM), and unaltered by phosphorylation on T58, the same peptide phosphorylated at S62 was unable to bind Bin1--SH3 even at micromolar concentrations ([@gks263-B24]). Thus, Bin1 binding could retain Myc in its S62-unphosphorylated, inactive state, which is indirectly supported by liberated Myc cell proliferative activity when Bin1 expression is inhibited by the adenovirus E1A oncoprotein ([@gks263-B30]).

We have previously shown that, while Myc TAD is intrinsically disordered, it contains two proteolytically semi-resistant entities: Myc-1--88 and Myc-92--167, comprising MBI and MBII, respectively ([@gks263-B31]). These Myc entities were both shown to be intrinsically disordered, but at various levels of complexity ([@gks263-B31; @gks263-B32; @gks263-B33]). We ([@gks263-B31]) and others ([@gks263-B34],[@gks263-B35]) have suggested that Myc may partially fold on binding to interacting partners, but to date, no structural data has been presented to support this hypothesis.

Therapeutic targeting of the Myc TAD has been proposed as a highly attractive way to achieve selective Myc inhibition ([@gks263-B16]). To support progress in this direction, more advanced molecular knowledge on the structural and biophysical behavior of the Myc TAD in free and bound states is essential. Although proteomics studies mapping Myc interactors are now emerging ([@gks263-B3],[@gks263-B4]), and identification of Myc TAD-binding proteins have been scored using deletion and point mutants within this region ([@gks263-B1],[@gks263-B17],[@gks263-B25],[@gks263-B36; @gks263-B37; @gks263-B38]), neither of these approaches provides information at the molecular resolution required for structural analysis or inhibitor development.

To help forward our understanding of the Myc TAD, alone and in complex with interactors, we present here a detailed characterization of the transient structure and dynamics within Myc-1--88, comprising the MBI region. We report near-complete NMR resonance assignments for Myc-1--88 which form the basis for detailed mapping of interactions and dynamics within this Myc region on a per-residue level. We used these spectroscopic probes to characterize the interaction and dynamics within Myc-1--88 upon interaction with Bin1--SH3. Unexpectedly we find a much more complex mechanism of interaction between Myc-1--88 and Bin1--SH3 compared with previous interaction studies of Bin1--SH3 with a short 13-residue Myc peptide (residues 55--67). Recent findings have provided critical examples on how transactivation domains tailor intrinsic disorder at various levels to recruit and regulate interactions involved in biologically complex events, reviewed in ([@gks263-B32],[@gks263-B33]). We describe how the intrinsic disorder and complex dynamics in Myc together with multivalent interactions within Myc-1--88 and between Myc-1--88 and Bin1--SH3 may be critical for achieving rapid yet accurate response to cellular signals in gene regulation.

MATERIALS AND METHODS
=====================

Protein expression and purification
-----------------------------------

The plasmid pETMCSIII containing human c-Myc residues 1--88 with an N-terminal 6× His tag ([@gks263-B31]) was transformed into BL21(DE3) cells, incubated at 37°C until OD~600~ reached a level of 0.8, induced by 0.4 mM IPTG at 37°C for 5 h, harvested and resuspended in native lysis buffer (100 mM NaH~2~PO~4~, 10 mM Tris--HCl, 300 mM NaCl, pH 8.0), sonicated on ice 10 × 30 s and centrifuged at 10 000*g* for 30 min. For ^15^N and ^13^C/^15^N labeled media, Spectra 9 from ISOTEC or Cambridge Isotopes Laboratories was used. The pellet was resuspended in denaturing lysis buffer (100 mM NaH~2~PO~4~, 10 mM Tris--HCl, 8 M urea, pH 8.0) followed by a second sonication (10 × 30 s) and centrifugation, Ni^2+^-affinity chromatography under denaturing conditions using 100 mM NaH~2~PO~4~, 10 mM Tris--HCl, 8 M urea, pH 4.5 and subsequent refolding into a native buffer by dialysis against 50 mM NaH2PO4, pH 8.0, 10 mM Tris, 100 mM NaCl, 5 mM EDTA, 2 mM DDT, 5% glycerol, in four steps of 24 h each, resulted in \>95% pure protein as analyzed with SDS--PAGE and MALDI--TOF--MS. The oligomeric state of Myc-1--88 was a monomer as analyzed by gel filtration (Superdex 75, GE Healthcare) using a protein concentration of 850 µM in 20 mM HEPES, pH 6.9, 100 mM NaCl, 5 mM DTT and 5% glycerol. Cloning, expression and purification of the Myc-binding Bin1--SH3 domain, comprising residues 402--482, is described in ([@gks263-B24]).

NMR samples
-----------

Buffer optimization was performed according to ([@gks263-B39]). Fifty-six buffer conditions based on HEPES, TRIS, TRICINE, MOPS, MES, phosphate and citric acid were assayed with various salt content and pH. Final conditions for Myc-1--88 were 40 mM HEPES, pH 6.8, 100 mM NaCl, 2 mM DTT, 5% glycerol; during these conditions the sample was stable for 3 weeks in the spectrometer. The same buffer was used for Bin1--SH3. Myc-1--88 and Bin1--SH3 were concentrated to 1.5 mM using Amicon Ultra concentrators with a 3.5 kDa cut-off (GE Healthcare). After concentration 10% D~2~O and 100 µM NaN~3~ were added. NMR sample concentrations were 600 µM for apo Myc-1--88 and 900 µM for the Myc-1--88:Bin1--SH3 complex. Titration experiments were performed with an initial Myc-1--88 concentration of 780 μM in a sample buffer containing 20 mM HEPES, pH 6.9, 100 mM NaCl, 5 mM DTT, 5% glycerol, 100 μM NaN~3~ and 10% D~2~O. The Bin1--SH3 protein, with the same buffer, was titrated in steps of 0.05 equivalents until the complex reached a Myc-1--88:Bin1--SH3 ratio of 1:0.8. For analysis with one equivalent or more, the Bin1--SH3 domain was added in steps of 0.25 equivalents. The 1:10 Myc-1--88:Bin1--SH3 complex was prepared separately at a final Myc-1--88 concentration of 80 μM. The chemical shift changes were monitored by ^15^N-HSQC during the titration and assigned by 3D experiments at the titration endpoint to resolve overlaps.

NMR spectroscopy and resonance assignments
------------------------------------------

Assignment of apo Myc-1--88 was pursued using the FAWN approach, which is a semi-automated fragment Monte Carlo approach for sequential assignment ([@gks263-B40]) using ^15^N-HSQC, HNCA, HNCO, HBHACONH, CBCACONH and ^15^N-NOESY-HSQC experiments; the assignment was manually complemented and extended to full side chains where possible by analysis of ^15^N- and ^13^C-correlated TOCSY and ^13^C-NOESY-HSQC experiments. Experiments on the apo state were recorded with non-uniform sampling to increase resolution as described ([@gks263-B40]). Assignment of the apo form was made at 10 and 15°C, whereas assignment and analysis of the Myc-1--88:Bin-SH3 complex was performed at 15°C. For the assignment measurements of the 1:1.5 eqivalent complex, a c-Myc concentration of 750 μM was used, whereas during interaction analysis sample concentrations down to 80 µM were used; no concentration-dependent shift changes were observed. Temperature-dependent chemical shift changes between 10 and 15°C, as well as chemical shift changes between apo and holo forms at 15°C, were small and assignments were easily transferred using Varian/Agilent BioPack pulse sequences encoding HNCA, HNCO, HNCACO, CBCACONH, HNCACB and ^15^N-NOESY-HSQC experiments. Bruker 600 and 800 MHz as well as Varian INOVA 600 and 800 MHz spectrometers were employed.

Relaxation experiments
----------------------

^15^N-*R~1~*, ^15^N-*R~1ρ~* and {^1^H}-^15^N-NOE were measured using previously published pulse sequences ([@gks263-B41],[@gks263-B42]) using a Varian INOVA 800 MHz spectrometer at 15°C. The experiments were performed for free Myc-1--88 at a concentration of 490 μM as well as for a 1:1.5 Myc-1--88:Bin1--SH3 complex at a final Myc concentration of 390 μM (due to addition of Bin1--SH3). For the *R~1~* experiments 23 data points, including four duplicates, were acquired with relaxation delays ranging from 10 to 1512 ms. For the *R~1ρ~* experiments 18 data points, including eight duplicates, with delays between 2 and 100 ms were recorded. The spinlock field strengths were 2058 Hz for free Myc-1--88 and 2051 Hz for the Myc-1--88:Bin1--SH3 complex and the radio frequency carrier for the spinlock field was positioned at 119 ppm. The heteronuclear NOE was measured by recording experiments including or not including a 5 s period of 120° ^1^H saturation pulses. The total recovery delay was 12 s in both cases.

Data analysis
-------------

All spectra were processed with NMRpipe ([@gks263-B43]) and visualized using SPARKY ([@gks263-B44]). The compound ^1^H and ^15^N chemical shift difference, between free Myc-1--88 and Myc-1--88:Bin1--SH3, was calculated with the equation where *R*~scale~ is the chemical shift scaling factor, taken to be 6.5 as determined from the ratio of the average variances of the amide nitrogen and proton chemical shifts observed for the 20 common amino acid residues in proteins as deposited with the BioMagResBank ([@gks263-B45]). To distinguish significant CSPs, a cut-off of two standard deviations from the trimmed mean was calculated in an iterative procedure as described ([@gks263-B46]). For intensity analysis, the ratio of intensity of bound to free Myc-1--88 was calculated by evaluating peak intensities in corresponding HNCOs recorded at the same concentrations as in the relaxation experiment. The intensity ratio was estimated to be equal to the ratio of peak heights as derived from SPARKY with a scaling factor compensating for dilution. Secondary structure propensities were calculated using the program SSP ([@gks263-B47]) using the chemical shifts of ^13^C^α^ and ^13^C^β^ as input.

For the relaxation experiments, peaks were integrated by fitting a combination of Lorentzian and Gaussian line-shapes using the in-house program PINT (A. Ahlner, M. Carlsson, B.-H. Jonsson and P. Lundström, available upon request). The same program was used to fit the *R~1~* and *R~1ρ~* rates. Errors in the extracted rates were estimated using the jackknife approach ([@gks263-B48]). *R~2~* was calculated from *R~1ρ~* and *R~1~* experiments using the following equation where θ is the tilt-angle, defined as arctan(*B~1~*/Ω) where *B~1~* is the spinlock field strength and Ω is the resonance offset from the radio frequency carrier ([@gks263-B49]).

Binding affinity measurements using SPR
---------------------------------------

Surface plasmon resonance (SPR) measurements were performed using a Biacore 3000 instrument at 25°C together with sensor chip CM5 research grade (GE Healthcare). Both ligand and reference channels were activated by the freshly mixed EDC/NHS solution (Amine coupling kit, GE Healthcare) (injection time 7 min, flow; 10 µl/min). Myc1--88 was diluted in acetate buffer pH 4.5 to final concentration 3 µM and immobilized on the ligand channel to 3400 RU by amine binding (flow 10 µl/min) and subsequent ethanolamine (GE Healthcare) deactivation (injection time 7 min, flow; 10 µl/min). Optimal regeneration conditions were carefully selected, choosing the condition with the most stable baseline. Assisted by the BIACORE 3000 wizard, several injections of Bin1--SH3 were made at a range of flow rates and highest Bin1--SH3 concentration to check for limitations by mass transport; no such effects were found. Bin1--SH3 was prepared for the kinetic study by dialysis against running buffer (40 mM HEPES, 100 mM NaCl, 2 mM DTT, 0.005% Tween-20, pH 7.0), followed by stepwise dilution into the same buffer, in order to generate a series of concentrations (111.0--6.9 µM). The kinetic measurements were performed with a 5-min injection time followed by 6 min dissociation time and 2.5 min regeneration, using 5 mM NaOH (flow 30 µl/min). Kinetic data was evaluated using the BIAEvaluation 4.1 software (GE Healthcare). All sensorgrams were double reference subtracted. Fits were analyzed using both the Langmuir 1:1 and the parallel reaction model, and were further evaluated using visual inspection, χ^2^ values and *T*-values. A fit was accepted if χ^2^ \< 10 and *T* \> 10 ([@gks263-B50]). To check for Bin1--Bin1 binding, a control experiment was performed using Bin1--SH3 both as a ligand and analyte. Except for the immobilization of Bin1--SH3, which was slightly revised (acetate buffer pH4, 7 µM, 2330 RU), the surface and buffer were prepared the same way as in the myc-1--88--Bin1--SH3 experiment. Bin1--SH3 was injected over the surface at a concentration of 140 µM. Injection time was set to 10 min (flow 30 µl/min). The injection of Bin1--SH3 was repeated twice. No binding between free and immobilized Bin1--SH3 was detected.

Myc-1--88 sequence analysis and disorder prediction
---------------------------------------------------

The conservation score is based on a multiple sequence alignment calculated with Clustalw2. Sequences in the multiple alignment were obtained from a Blast search of the Myc-1--88 sequence in the Swissprot database. The conservation score for each position is calculated by extracting the vector in the BLOSUM62 substitution matrix for the amino acid residue at that position in human Myc and then taking the Euclidean distance between that vector and the centroid vector of all residues in that position, similar to the *c*-score in ([@gks263-B51]). The values are further normalized between zero and one. Disorder predictions were made using a set of current disorder predictors through available web interfaces as reviewed ([@gks263-B52]) and as described in ([@gks263-B53; @gks263-B54; @gks263-B55; @gks263-B56]).

RESULTS
=======

NMR assignment of Myc1--88
--------------------------

We chose NMR to obtain a detailed per residue characterization of its structural and dynamic properties, since Myc-1--88 had already showed biophysical characteristics of disorder ([@gks263-B31]). After extensive buffer optimization, the resolution in the HSQC spectrum of Myc-1--88 ([Figure 2](#gks263-F2){ref-type="fig"}) is characteristic of an intrinsically disordered protein, with all amide proton shifts confined to 7.7--8.6 ppm. However, while intrinsically disordered proteins typically have uniformly sharp resonances, the Myc-1--88 spectra demonstrated heterogeneity of peak intensities and peak shapes likely reflecting an interconverting and transiently interacting heterogeneous ensemble of states. Despite a high level of overlap in the HSQC ([Figure 2](#gks263-F2){ref-type="fig"}), indirect dimensions in the 3D spectra were highly resolved through use of non-uniform sampling ([@gks263-B35]) ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gks263/DC1)). Near-complete backbone assignments were obtained at 10°C using the semi-automated amide-anchored assignment strategy FAWN ([@gks263-B40]), manually confirmed and extended to side chains based on ^13^C-HSQC-NOESY and -TOCSY experiments. Out of a total of 88 residues, M1, P2, L3, P45, S46, E47, P59, S67 and C70 could not be assigned due to low NH intensity and/or extensive overlap. In addition, assignments of residues D17, E29, Q34, Q35 and L40 were lost at 15°C due to increased amide exchange and/or unresolved overlap. All assigned proline residues (7 out of 11) were found to be in the *trans* conformation based on chemical shift analysis as well as on the presence of strong NOEs between H^δ^ and the preceding H^α^ as identified from the ^13^C-HSQC-NOESY. Less than 10 minor peaks were observed in the HSQC which might result from *cis--trans* isomerization at one of the multiple prolines; however, none of these resonances could be unambiguously assigned due to their low intensity and the absence of cross peaks in 3D experiments. Therefore, with the current Myc-1--88 construct and optimized sample conditions, no *cis* contributions could be identified or assigned. Figure 2.^15^N-HSQC spectrum of Myc-1--88 recorded at 15°C with overlaid assignments. The glycine region (δ ^15^N \< 112 ppm) has been omitted for clarity but contains peaks corresponding to G84 and G68.

Myc-1--88 contains multiple regions of transient secondary structure
--------------------------------------------------------------------

The resonance assignments of Myc-1--88 were used to probe for the presence of transient secondary structure by evaluating secondary structure propensity (SSP) ([@gks263-B47]). In two regions, SSPs ranging from −0.2 to 0.35 were observed ([Figure 3](#gks263-F3){ref-type="fig"}A). These values indicate the presence of transient structure, given that values of +1 and −1 are expected for fully formed helices and extended regions, respectively, and values around zero for no preferential sampling of secondary structure. Residues 26--34 and 47--52 show d~NN~(i,i + 2) and d~αN~(i,i + 3) NOEs typical for helices in the ^15^N-HSQC-NOESY spectra ([Figure 3](#gks263-F3){ref-type="fig"}D) although the intensities were weaker than those expected for a fully formed structured helix thus supporting transient structure formation. Furthermore, weak NOEs indicative of a fluctuating β-turn with a proline in position +2 were observed at residues 20-QPYF ([Figure 3](#gks263-F3){ref-type="fig"}D); this motif may be stabilized by the Y22-F23-Y24 hydrophobic cluster and is in agreement with negative SSPs ([Figure 3](#gks263-F3){ref-type="fig"}A). A tentative stretch of transient extended structure at residues 55--63 is suggested by negative SSPs for non-proline residues; the presence of significant *trans* proline content (see above) is also likely to be stabilizing for polyproline II (PPII) extended structure. A short continuous stretch of sequential NOEs may support transient extended structure at 74--78. Residues 1--20 and 79--88 were disordered as judged by both NOE and SSP analysis, and residues 35--41 were not possible to evaluate at the NOE level due to the close overlap in ^1^HN and ^15^N shifts. The regions with transient structure are summarized in [Figure 3](#gks263-F3){ref-type="fig"}C. Figure 3.Identification of transient structure in Myc-1--88 by NMR. (**A**) SSP of Myc-1--88 based on experimental data. A region with values close to one indicates a fully formed α-helix whereas values close to minus one and zero are indicative of fully formed β-strand or no preferential secondary structure, respectively ([@gks263-B47]). (**B**) Sequence conservation in Myc-1--88 described on a normalized *c*-score scale as described in 'Materials and methods' section: high (0.8--1.0, star) intermediate (0.6--0.8, dot) and low (0--0.6, unlabeled). (**C**) Graphical representation of transient structures based on combined SSP and NOE evaluation. (**D**) Schematic representation of characteristic secondary structure NOEs as identified in ^15^N-NOESY-HSQC spectra. The d~NN~(*i*, *i* + 1) NOEs are classified as strong, intermediate or weak by the intensity of the bar, while other NOEs are indicated as present irrespective of magnitude. Light gray indicates partial overlap whereas completely overlapping NOEs are excluded.

Importantly, the regions with transiently ordered regions are well conserved in Myc proteins ([Figure 3](#gks263-F3){ref-type="fig"}B). In particular, residues 45--65 correspond to the previously identified MBI region, which directly interacts with a large number of proteins involved in phosphorylation-directed Myc regulatory events ([@gks263-B1],[@gks263-B9],[@gks263-B18],[@gks263-B20]). The more N-terminal transiently structured region includes Myc residues 24--31, which were previously identified by mutational analysis to interact with TRRAP, a functionally important Myc partner involved in regulating histone acetylation ([@gks263-B57]). Furthermore, Myc residues 1--46 appear required for p300 binding together with the MBI region ([@gks263-B58]) and Myc-Δ1-40 no longer binds JPO2 ([@gks263-B59]). Notably, Myc residues 15--35 contain a highly conserved sequence pattern also present in N-, L- and v-Myc ([Figure 3](#gks263-F3){ref-type="fig"}B), suggesting that this region could be involved in interactions throughout the transforming members of the Myc protein family.

The disordered and transiently ordered regions of Myc were difficult to distinguish by current disorder predictors ([@gks263-B52]). DisEMBL ([@gks263-B53]) and PONDR-FIT ([@gks263-B54]) correctly recognized both transiently ordered regions but predicted the disordered segment 10--20 to be ordered, but only OnD-CRF ([@gks263-B55]) could correctly identify both disordered and transiently ordered regions in Myc-1--88. Myc residues 71--81, predicted as transiently extended, as well as residues 12--28, which comprise the N-terminal β-turn-helix motif, were identified by ANCHOR to have propensity for disorder-to-order transition on binding a globular partner ([@gks263-B56]).

Multivalent interactions of Myc with Bin1--SH3
----------------------------------------------

To better understand the roles of disorder and transient order in the interaction of Myc TAD with target proteins, we investigated the interaction between Myc-1--88 and the SH3 domain of Bin1 by SPR technology. Both kinetic and steady-state measurements show saturable Myc binding at lower concentrations of Bin1--SH3, but at higher concentrations of analyte a second binding event is indicated from the increased responses obtained ([Figure 4](#gks263-F4){ref-type="fig"}). Since Bin1--SH3 is monomeric under our experimental conditions \[up to 1 mM concentrations, ([@gks263-B24])\] and no SPR response is obtained in a Bin1-to-Bin1 control experiment (see 'Materials and methods' section), we can exclude oligomerization of Bin1--SH3 as a potential cause of this higher response. Alternatively, Myc-1--88 may harbor two binding sites for Bin1--SH3 with different affinities. In agreement with this, while the kinetic data could not be fit to a 1:1 Langmuir model ([Figure 4](#gks263-F4){ref-type="fig"}A), the data fits well to a parallel reaction model, which assumes that the immobilized ligand (Myc-1--88) has two binding sites to which the analyte (Bin1--SH3) can bind independently ([Figure 4](#gks263-F4){ref-type="fig"}A). This model fits two binding sites with K~D~s of 33 and 200 µM, with *k*~on~/*k*~off~ of 590 M^−1^s^−1^/0.019 s^−1^ and 6.7 M^−1^s^−1^/0.0013 s^−1^, respectively. It should be noted that since the lower-affinity binding does not reach saturation during the measurements, the stoichiometry and affinity of this site (or sites) are therefore poorly estimated. Previous chemical shift perturbation (CSP) analysis showed no binding outside the canonical Bin1--SH3 binding site on extending Myc-55--68 to Myc-1--153 in a titration with labeled Bin1--SH3 ([@gks263-B24]), excluding a second binding site on Bin1. Thus, our SPR results together with previous CSP mapping suggests that the Bin1--SH3 canonical SH3 binding site can bind to two (or more) sites on Myc. Figure 4.SPR measurements suggest multivalent binding of Myc-1--88 to Bin1--SH3. Myc-1--88 was immobilized and Bin1--SH3 injected over the surface. (**A**) Kinetic experiments. Overlaid sensorgrams show experimental data (solid lines) and simultaneously fitted functions using a parallel reaction model with two binding sites (dashed lines). A 1:1 Langmuir model fits very poorly as indicated to the middle response (gray line); no Langmuir fit could be made to all curves simultaneously. The concentration series includes 111.0, 55.5, 27.7, 13.9 and 6.9 µM of Bin1--SH3. (**B**) Steady-state binding experiments of Bin1--SH3 to Myc-1--88. Based on the data points at lower concentrations a plateau in binding would be expected at higher concentration, but instead the response increases further in both kinetic and steady-state experiments, thus indicating that Myc-1--88 may display one or more additional binding sites for Bin1--SH3 with lower affinity.

Per-residue NMR mapping of effects of target protein binding to Myc
-------------------------------------------------------------------

To investigate how disordered Myc-1--88 binds to a folded target protein on a per residue basis, the NMR assignment of Myc-1--88 was used as a basis for joint evaluation of amide CSPs and changes in HNCO peak intensities. While the chemical shift reflects the immediate chemical environment and can be a sensitive probe for localizing protein interactions, conclusions based entirely on chemical shift data can be misleading in cases of pronounced conformational flexibility, with extensive sampling of a wide and heterogeneous conformational space ([@gks263-B60]). We therefore also analyzed the ratios of the HNCO peak intensities of Bin1-bound Myc-1--88 versus free Myc-1--88. Since NMR peak intensities are affected by the linewidth, which is narrow in the free state and broadened by interactions, intensities are lowered on interaction with a slowly tumbling folded domain, leading to a reduced peak intensity ratio relative to the free state ([@gks263-B60]). Figure 5.Selected HSQC region showing superimposed spectra of Myc-1--88 in the free state (red, labeled) and in a 1:1.5 complex with Bin1--SH3 (black, unlabeled). In the bound state, the resonance for S62 is broadened beyond detection, thus no peak for S62 is observed in the bound state in the selected region or elsewhere. Figure 6.NMR analysis of Myc-1--88 in the absence and presence of Bin1--SH3. Omitted histogram bars correspond to missing or overlapped residues and prolines. (**A**) Myc-1--88 CSPs at a Myc-1--88:Bin1--SH3 ratio of 1:1.5. The cut-off value for significant CSPs is shown as a dashed line and calculated as described in 'Materials and methods' section. (**B**) Ratios of peak intensities with and without Bin1, derived from HNCO experiments at a Myc-1--88:Bin1--SH3 ratio of 1:1.5. In the absence of interactions, or if interactions are the same in free and bound forms, the intensity ratio would be 1 (gray line). Gain/loss of interactions in the bound state lead to decreased/increased peak intensity ratio, respectively.

The complex was analyzed at Myc-1--88:Bin1--SH3 ratios of 1:1.5, where the high-affinity site should be up to ∼88% saturated ([Figures 5](#gks263-F5){ref-type="fig"} and [6](#gks263-F6){ref-type="fig"}). Titration of unlabeled Bin1--SH3 into labeled Myc-1--88 resulted in complete disappearance of residue S62 ([Figure 5](#gks263-F5){ref-type="fig"}) already at 10% saturation of Bin1. This is consistent with chemical exchange on the millisecond time scale, in agreement with the kinetic parameters of association determined by SPR. The early disappearance of S62 from the spectra suggests that this residue experiences a large chemical shift change for ^15^N and/or ^1^H^N^ upon binding of Bin1--SH3 giving rise to intermediate exchange broadening; this provides strong evidence that S62 is indeed involved in Bin1--Myc recognition. Smaller but significant CSPs are observed for residues 56, 58, 61, 64, 66, 68 and 69 in fast exchange on the NMR time scale ([Figures 5](#gks263-F5){ref-type="fig"} and [6](#gks263-F6){ref-type="fig"}A). These Myc-1--88 CSP values are maintained in a 1:10 excess of Bin1--SH3, suggesting high saturation of this site already in the 1:1.5 complex ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gks263/DC1)). Concomitantly reduced peak ratios for residues 55, 58, 61, 64, 65 and 66 are observed on 1:1.5 complex formation ([Figure 6](#gks263-F6){ref-type="fig"}B), but the reduction is smaller than would be expected for tight binding ([@gks263-B60]) to residues 55--66 as suggested previously ([@gks263-B24]). A tendency toward reduced intensity ratios without significant CSPs is also observed for residues in the region 37--48, although this part of the plot has more limited information due to overlap and missing assignments. This region contains a proline-rich segment (P42--P43--A44--P45) not previously identified as a Bin1-binding element but that shares sequence characteristics of SH3 domain targets. An additional region of broadening upon binding is observed at the extreme C-terminus; while no canonical SH3-binding sequence is apparent, binding may be to non-canonical sequences or the broadening may be due to transient contacts with other segments that do bind Bin1. Taken together, CSP and intensity ratios are consistent with Myc anchoring into the binding groove of Bin1--SH3 at S62--P63 ([@gks263-B24]), but in agreement with SPR measurements also suggest concomitant and multivalent binding both to the adjacent P59--P60 di-peptide recognition element and to the proline-rich P42--P43--A44--P45 segment. The presence of reduced intensity ratios already at a Myc-Bin ratio of 1:1.5 supports the relevance of multivalent Bin1 binding.

Smaller but significant shift changes outside the Bin1--SH3 target sites described above are observed for residues 23--28 in the transiently structured region, residues 48--52 within the MBI region and in residues 73--75 and 80 C-terminal to MBI ([Figure 6](#gks263-F6){ref-type="fig"}A); these CSPs increase slightly in 10-fold excess of Bin1 ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gks263/DC1)). However, sequences in these regions do not have typical SH3 binding motifs and, in contrast to the binding sites described above, show significantly increased ratios on Bin1 binding already at a Myc-Bin ratio of 1:1.5. This suggests that in the free state, resonances in regions comprising residues 4--25, 49--54 and 73--77 are broadened by interactions with other parts of Myc-1--88, whereas in the complex, such interactions are sampled much less frequently, presumably due to steric hindrance by multivalent Bin1--SH3 binding ([@gks263-B56]). The effects observed on chemical shifts and intensity ratios in these regions is thus likely not due to direct contacts with Bin1--SH3.

Changes in motional properties of Myc-1--88 upon Bin-1-SH3 binding
------------------------------------------------------------------

To investigate whether Bin1--SH3 binding results in reduced intrinsic disorder within the Myc binding site(s), the dynamic properties of Myc-1--88 on a rapid time scale (ps--ns) were assayed in the absence and presence of ligand binding. Backbone ^15^N relaxation experiments (*R~1~*, *R~1ρ~*, NOE) were performed on the apo and complex forms of Myc-1--88 ([Figure 7](#gks263-F7){ref-type="fig"}). Measurements were made at 1.5 equivalents of Bin1--SH3 relative to Myc in order to achieve high saturation of the primary site while limiting binding to second, lower affinity site(s). Peaks with overlap leading to difficulties in fitting the data were not included in the evaluation. Figure 7.^15^N Relaxation parameters of free Myc-1--88 (open circles) and Myc-1--88 bound to Bin1--SH3 in a 1:1.5 ratio (filled circles). (**A**) {^1^H}-^15^N-NOE. (**B**) *R*~1~ relaxation rate constants. (**C**) *R~2~* relaxation rate constants.

Relaxation parameters for interpretable residues show that in the unbound state, the entire Myc-1--88 behaves as an intrinsically disordered protein with intermediate mobility ([Figure 7](#gks263-F7){ref-type="fig"}; empty symbols). The magnitude of the heteronuclear NOEs are consistent with a disordered region, but are higher than expected for single-domain intrinsically disordered proteins. Instead, their magnitude resembles those of longer intrinsically disordered regions linked to well-folded globular domains ([@gks263-B61],[@gks263-B62]). Residues 49--54, with transient helical structure as suggested from analysis of chemical shifts and NOESY cross peaks, also have consistently higher values of the heteronuclear NOE and *R*~2~ than flanking residues. NOEs of similar magnitude are also observed for residues 26, 30, 31 and 32 in the second transiently structured region comprising residues 22--33. *R~1~* values are fairly consistent throughout the sequence and the order of magnitude of *R~1~* agrees with Myc-1--88 being monomeric under NMR conditions. The surprisingly high *R~2~* values in the free state in segments 4--32, 51--56 and 73--80 resemble *R~2~* values observed in collapsed states of lysozyme presenting long-range intramolecular interactions ([@gks263-B63]). This agrees with HNCO intensity ratios higher than 1, suggesting loss of interactions between transient structures in the free state on Bin1 binding ([Figure 6](#gks263-F6){ref-type="fig"}C). The C-terminus of Myc-1--88 as well as the middle region (residues 36--45) appears more flexible than the N-terminus, with lower and even negative NOEs and *R*~2~ values below 10 s^−1^.

Upon Bin1--SH3 binding, the Myc-1--88 relaxation data ([Figure 7](#gks263-F7){ref-type="fig"}, filled symbols) shows that dynamics are consistent with continued disorder within Myc-1--88 upon binding. The absence of intermolecular NOEs in Myc-1--88 NOESY spectra (data not shown) is consistent with distance averaging in a heterogeneous and dynamic ensemble ([@gks263-B64]). Still, significant changes in relaxation do occur. In the bound state, residues 56 and 58 in the canonical Bin1--SH3 binding site show significantly lower *R*~1~ than surrounding residues, suggesting that these residues sample dynamic properties of a larger protein complex. S62 could not be studied in the bound state due to its extensive broadening by millisecond dynamics, but L61 shows a significantly higher NOE in the bound state suggesting decreased dynamics in the bound state as expected. Furthermore, residues 27, 30 and 31, in, or adjacent to, the N-terminal transiently ordered region also show similarly small but significant changes in NOE and/or *R~1~* values. Residues in the more flexible middle and C-terminal region show very minor or insignificant differences between bound and free forms. The lower *R~2~* values observed for residues 1--30, 49--56 and 61--82 in the transiently ordered segments of the bound form compared to the free state suggest that fewer long-range interactions are sampled by these regions in the conformational ensemble of the disordered protein domain ([@gks263-B63]). Thus, Bin1--SH3 binding to Myc-1--88 induces subtle, residue-specific alterations in dynamics, primarily within Myc regions that are also identified by CSPs, responding to both Bin-1-SH3 interactions and altered long-range interactions involving transiently ordered segments and/or hydrophobic clusters. Importantly, however, binding maintains overall intrinsic disorder in Myc-1--88 with no large-scale evidence for stable structure in the complex.

DISCUSSION
==========

Understanding the molecular basis of Myc regulation and function has been a cornerstone of the fields of cancer biology and signal transduction for over 20 years. As Myc is downstream of many signaling cascades, it has been referred to as an intracellular sentinel of the extracellular milieu that functions as a central hub for rapidly responding to stimuli and regulating a number of cellular functions ([@gks263-B1],[@gks263-B16],[@gks263-B65]). However, despite the wide range of identified Myc-interacting proteins, to this date, there is very little molecular information on where and how these proteins bind to the Myc transactivation domain. Therefore, this study focuses on advancing our understanding of how Myc coordinates its multiple functions by analyzing in detail the biophysical properties of the Myc TAD region, in particular the environment surrounding the highly conserved MBI.

In this study we show that although Myc-1--88 as a whole is intrinsically disordered as judged by NMR chemical shift dispersion and relaxation, there are two distinct regions that appear to transiently sample secondary structure based on their NOE and SSP signatures. In residues 22--33, a fluctuating beta turn is followed by a fractionally populated short helical segment. Residues 48--55 also sample helical properties, and are followed by residues 56--65 which have a fluctuating extended character, likely stabilized in part by the proline-rich nature of the sequence. Relaxation measurements support the transient population of secondary structure with slightly higher values of NOE and *R~2~* in these regions. Importantly, both of these transiently ordered regions actively participate in interactions conveying and reacting to post-translational modifications in the regulation of Myc activity ([Figure 8](#gks263-F8){ref-type="fig"}) ([@gks263-B1],[@gks263-B9],[@gks263-B17],[@gks263-B18],[@gks263-B20],[@gks263-B36],[@gks263-B38],[@gks263-B57; @gks263-B58; @gks263-B59],[@gks263-B66]). Figure 8.Biophysical and biological functionalities in Myc-1--88. (**A**) Myc-1--88 is intrinsically disordered (green), with transient secondary propensity in residues 23--33 (yellow) and 48-65 (red); phosphorylation sites T58 and S62 are indicated. (**B**) Identified interactors to Myc-1--88 can be classified in three groups as indicated by double arrows: those mapped by deletion mutants covering entire Myc1--88, those identified to interact with MBI by deletion mapping or where interaction is regulated by phosphorylation to T58 and/or S62, and those that bind the N-terminal region including the first transiently structured region. (**C**) In the free state, Myc-1--88 shows transient and fluctuating interactions (dashed arrows) involving secondary structure elements and hydrophobic clusters, suggesting the presence of condensed disordered states in the conformational ensemble (only one of many such possible states is shown). By multivalent binding to Bin1 binding sites at P59--P63 and P42--P45 (solid arrows) and possible wobbling, or sliding, to the less optimal P57--P60 site (curved arrow), Bin1 sterically hinders interactions present in the free state.

The identification of transiently structured segments in Myc TAD and their correlation with sites of protein interaction resembles p53, where such segments nucleate folding-on-binding to regulatory partner proteins ([@gks263-B67; @gks263-B68; @gks263-B69; @gks263-B70; @gks263-B71]). The dynamic nature of the p53 N-terminal transactivation domain can allow interactions with multiple, often competing partners ([@gks263-B70; @gks263-B71; @gks263-B72; @gks263-B73]) and allows it to be readily modified by post-translational modifications that also modulate interactions ([@gks263-B72],[@gks263-B74]). Molecular understanding of disordered p53 TAD behavior in its free and bound states has been crucial in understanding its specificity and interactions, and has helped in the design of efficient inhibitors leading to p53 activation, cell cycle arrest and apoptosis of tumor cells ([@gks263-B75; @gks263-B76; @gks263-B77]). Given the central role of Myc in cancer, it is therefore critical to understand the details of intrinsic structure and dynamics of the Myc TAD and how these effect partner interactions.

Surprisingly, no folding-on-binding occurs in Myc-1--88 when it binds Bin1--SH3; instead disorder is maintained throughout Myc-1--88, also within transiently structured regions. In fact, dynamics on the millisecond level is even increased for Myc-1--88 as a whole in complex with Bin1--SH3. Binding to the previously identified Bin1--SH3 site, centered on P59--P60--L61--S62--P63, is indeed observed by small CSPs and localized small changes in dynamics, but these effects are not limited to the Bin1--SH3 binding site, and do not result in stabilized secondary structure or conformational restriction at the binding site or anywhere else in Myc-1--88. This observation differs significantly from the highly ordered complex described for the Myc peptide complex with Bin1--SH3 ([@gks263-B24]).

Critical to understanding this behavior is our observation of the effects of multivalent binding of Bin1--SH3. Although different methods were used to measure affinities, it appears that Myc-1--88 binds Bin1--SH3 with lower affinity to at least two sites (K~D~ = 33 and 200 µM, SPR) compared to the higher-affinity single-site binding displayed by the Myc-55--68 peptide (4.2 µM, fluorescence). Our NMR data suggest that extending the target sequence to Myc-1--88 allows for Bin1--SH3 binding not only to the S62-centered P59--P60--L61--S62--P63 site, but also to another proline-rich segment P42--P43--A44--P45, and possibly also 'wobbling' or sliding, to an electrostatically slightly less favorable P57--T58--P59--P60 site, centered on T58 ([Figure 8](#gks263-F8){ref-type="fig"}). NMR data report binding of Bin1--SH3 to the previously identified binding site comprising Myc residues 58--66 as characterized in the Myc-55--68:Bin1--SH3 complex ([@gks263-B24]), however, strong binding to this site alone would have given rise to much larger effects in CSPs, intensity ratios and NMR relaxation for these residues than observed here ([Figures 6](#gks263-F6){ref-type="fig"} and [7](#gks263-F7){ref-type="fig"}). In agreement with SPR data suggesting multivalent binding, reduced intensity ratios in the region around Q37-D48, of similar magnitude as in the primary site, suggest that the P42--P45 proline-rich sequence might bind Bin1--SH3 at lower affinity although assignments in this region are sparse due to extensive overlap. CSPs N-terminal to S62 could suggest a secondary or 'shifted' primary site around T58, in the context of a proline-rich sequence that could be consistent with SH3 domain binding (L56--P57--T58--P59--P60). Compared to the primary site, centered on S62 and electrostatically anchored to the Bin1--SH3 binding cleft by conserved arginine residues ([@gks263-B24]), the P57--T58--P59--P60 site, centered on T58 is electrostatically less attractive but still favorable. Although the same primary site is targeted by Bin1--SH3 binding to Myc-1--88 as previously described for a shorter peptide, binding to additional sites in the longer Myc thus appears to result in altered dynamical properties of these two complexes. A biological role for multivalent binding to both these sites is supported by the finding of large numbers of mutations in lymphoma tumors and tumor cell lines at both proposed Bin1--SH3 target sites, in Myc residues 57--63 and 36--44 ([@gks263-B21],[@gks263-B22],[@gks263-B78]).

The underlying role of the dynamics of Myc-1--88 both in isolation and in its multivalent complex with Bin1--SH3 could be to prevent stable binding to its critical regulatory interaction sites. From a biological point of view, lower affinity and less than fully populated binding to the unphosphorylated P59--P63 site would be most beneficial. If Bin-1 binding to Myc led to complete inaccessibility of the MBI, Myc would not be able to be timely modified in a cellular situation where phosphorylation of S62 is required for proper growth response. Biophysically, the limited effects on dynamics on Myc--Bin1--SH3 binding suggests that Bin1--SH3 may probe the phosphorylation state by capturing Myc in a highly dynamic complex centered on S62, but simultaneously sampling an ensemble of adjacent interactions in a dynamic manner, which leads to a rapid exchange between the primary site and weaker adjacent binding sites. Although this exchange appears to lead to a lower overall affinity, the benefits of dynamically sampling other interactions, including the linker region between the two transiently ordered regions, and the accessibility to T58, may be critical for biological sampling of the status of Myc post-translational modifications by Bin1 as well as by other interacting regulators.

In addition, multivalent Bin1 binding appears to affect significantly larger regions of Myc than those directly targeted by Bin1--SH3 binding. Sizeable regions outside the Bin1 binding sites in Myc-1--88 show small but significant CSPs, but lack the reduced peak intensities that signify binding by disordered proteins ([@gks263-B33],[@gks263-B60],[@gks263-B79]). Rather, in complex with Bin1--SH3, these regions in Myc-1--88 experience increased intensity ratios ([Figure 6](#gks263-F6){ref-type="fig"}B), which in agreement with decreased values of *R~2~* ([Figure 7](#gks263-F7){ref-type="fig"}C) suggest that Bin1--SH3 binding disrupts transient interactions involving these segments. Similar effects on *R~2~* was observed for mutations in lysozyme hindering the formation of collapsed states bridged by long-range interactions between hydrophobic clusters and/or transient structure elements ([@gks263-B63]). Thus, our data suggest that in the free state, fluctuating secondary structure elements in Myc residues 22--33 and 48--68, as well as adjacent conserved hydrophobic clusters at residues 71--81 and 5--15 loosely interact, thus shifting the population in the conformational ensemble toward more compactly disordered condensed states ([Figure 8](#gks263-F8){ref-type="fig"}) ([@gks263-B63]), which is in agreement with the identification of Myc-1--88 as a stable proteolytic fragment ([@gks263-B31]). This condensed ensemble is likely stabilized by electrostatic interactions ([@gks263-B33],[@gks263-B80]): the Myc-1--49 region is predominantly negatively charged with a pI of 3.5, while the pI of Myc-50--88 is 9.2. Multivalent Bin1--SH3 binding to Myc-1--88 hinders the formation of such intramolecular interactions ([Figure 8](#gks263-F8){ref-type="fig"}) resulting in a shift in the conformational ensemble toward less compact states, but with retained local dynamics on the ps-µs time scale as sampled by NOE and *R~1~* measurements.

From this growing perspective of Myc biophysics being ruled by interacting transient structures, it is not surprising that interaction patterns to Myc have been difficult to address using deletion mapping or mutation screens. While mutations would typically be useful for confirming binding residues, in the case of disordered proteins that have transient structural contacts such as Myc, these mutations may have confounding structural effects that are difficult to predict leading to results that are not clearly interpretable. Deleting a transiently structured segment may result in dynamic and transient long-range effects which may affect both affinity and specificity, and which cannot be predicted based on sequence information alone. In particular, a commonly used deletion mutant where the entire MBI region is deleted completely changes the electrostatic properties of the Myc N-terminal region, which is highly likely to affect the distribution of condensed ensemble states involving interactions between transiently ordered regions of Myc-1--88 as described here, since electrostatic interactions have been shown to highly contribute to the sampling of compactly disordered states in other intrinsically disordered proteins ([@gks263-B33],[@gks263-B80]). In an extended perspective, it is not unlikely that transient tertiary interactions would involve other parts of Myc as well. In fact, a weak interaction between MBI and MBII was already identified earlier in our lab ([@gks263-B31]) and the involvement of both MBII and interaction sites within Myc-1--88 has been shown for TRRAP ([@gks263-B57]) and TBP ([@gks263-B31],[@gks263-B81]). Further analysis of longer Myc fragments including both Myc boxes will be required to address these issues.

The current analysis of disordered properties and transient structure in Myc-1--88 has general implications for the study of Myc interactions. Our work has shown that Myc-1--88 behaves as an intricate intrinsically disordered but yet transiently structured entity where interactions are governed by dynamics at several time scales. Thus, rather than perceiving an array of interaction sequences which can be occupied independently, interactions to the Myc N-terminal region are likely to be multivalent and transient as an intrinsic feature of the dynamic response required by the biological environment in which Myc must function. Taken together, our findings expand the increasingly recognized concept of intrinsically disordered regions mediating transient interactions to Myc, a key transcriptional regulator of major medical importance, and have important implications for further understanding its multifaceted roles in gene regulation.
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